DIAMOND (1968) has described transport mechanisms in the biliary system and stated that between meals, in the human biliary system, the sphincter of Oddi is closed, and bile secreted by the liver accumulates back to the gall bladder, where it is concentrated by selective reabsorption. After meals, the release of a hormone, cholecystokinin, induces relaxation of the sphincter and contraction of the gall bladder. A similar mechanism for bile secretion has been postulated for other mammals. On the other hand, HUKUHARA et al. (1974) reported that in the biliary system of the guinea pig, Auerbach's plexus of the duodenum continued without interruption to the intramural bile duct, and they postulated that when the contents of the stomach were expelled to the duodenum the humoral mechanism produced a release of secretin and activated the mucosal intrinsic reflex. The former increases bile secretion, while the latter increases duodenal contraction which in turn triggers contraction of the intramural bile duct, both mechanisms accelerating the expulsion of bile. The mechanism of bile expulsion is, however, not well understood.
Using combined recording methods of extracelluar electrical activity and contraction either in vivo or in vitro, the activity of the sphincter of Oddi in mammals has been investigated, however, the results are not sufficiently consistent to explain the expulsion mechanism of bile and its relation to duodenal activity (rabbit: ISHIOKA, 1959; ONO, 1970; NAKAYAMA et al., 1973; SARLES et al., 1975; dog: HAYASHI, 1963; NANA et al., 1963) . CREED and KURIYAMA (1971) reported in their electrophysiological observations of the biliary system, using the microelectrode method, that smooth muscle cells of the gall bladder, common bile duct and ampulla region of the bile duct generated a spike spontaneously or by electrical stimulation, but did not generate spikes from the hepatic ducts or from the cystic and bile duct close to the hepatic duct. Furthermore, they measured the passive characteristic constant of the membrane and conduction velocity of the excitation from the gall bladder and common bile duct in hypertonic solution for comparison with the membrane property of the intestine. When the electrical activities of the ampulla of the common bile duct and of the longitudinal muscle of the duodenum 1 mm distant were recorded simultaneously, no synchronization was observed between the two regions. They postulated that functions of the sphincter of Oddi and longitudinal muscle of the duodenum are independent.
The present experiments were carried out to investigate the electrical activity of smooth muscle cells of the sphincter of Oddi and other regions of the biliary system. The effects of exogenously applied neurotransmitters (catecholamines and acetylcholine) and gastrointestinal hormones (gastrin, cholecystokinin and secretin) on the electrical and mechanical properties of the biliary system were observed. For a comparison of the effects of neurotransmitter substances, histochemical studies on the distribution of catecholamine or cholinesterase were also done.
side. The tissues mainly used were gall bladder, common bile duct and ampullar region of the choledocho-duodenal junction (hereafter this region is referred to as the sphincter of Oddi).
The tissue of the gall bladder used for the double sucrose-gap method was 12-15 mm in length and 0.5 mm in width, and for the microelectrode method was 12-15 mm in length and 1.5-2 mm in width. The circular muscle preparation was made from the terminal region (close to the duodenum) of the ampulla for the microelectrode and double sucrose-gap methods. The length and width of the tissue for the microelectrode and double sucrose-gap methods were the same as those of the gall bladder. The longitudinal muscle tissue of the common bile duct was used for the microelectrode experiments (12-15 mm in length and 2 mm in width). To record the electrical and mechanical activities simultaneously, the double sucrose-gap method was used. The chamber in which the partition was mounted was a modification of that used originally by ROUGIER et al. (1969) and also GOTO et al. (1974) . The apparatus consisted of five lucite compartments separated by four diaphragms with holes in the center. Two of the diaphragms between the central and terminal compartments were composed of three close fitting, slotted plates which were utilized for the fixation of the tissue. The other two Vol.30, No.2, 1980 were rubber membranes and the muscle bundles were pulled through the tightly closed holes and connected to a strain gauge for tension recording. The central compartment, 0.5 mm in width, was perfused with Krebs solution or test solution. The intermediate compartments, each 1 mm in width, were perfused with isotonic sucrose solution. The terminal compartments were relatively large pools, filled with isotonic KCl solution (ITO et al., 1977) . 
RESULTS
The membrane and mechanical properties of smooth muscles of the sphincter of Oddi Figure 1 shows the current-voltage relationship (A) and spatial decay of the electrotonic potential against the distance from the stimulating electrode (B). In A, the current-voltage relationships were observed at four different distances from the stimulating electrode (0.1, 0.6, 0.9 and 1.3 mm). When inward current pulses (0.5 sec in pulse duration) with different intensities were applied, a linear relation against the amplitudes of the electrotonic potential was observed. By applications of the outward current pulses, an anomalous rectifying property of the membrane was elucidated (see Fig. 5A and B). In Fig. 1B , the relationship Fig. 1 Fig. 3 . Effects of acetylcholine on the membrane potential, electrical threshold required for spike generation and membrane resistance of smooth muscle cells of the sphincter of Oddi. a-c, applications of subthreshold inward and outward current pulses (0.5 sec in pulse duration); e-f, applications of the threshold outward and inward current pulses (0.5 sec in pulse duration); d, effects of acetylcholine without application of current pulses. Dots indicate application and removal of acetylcholine. Vol.30, No.2, 1980 1963 BULBRING and KURIYAMA, 1963; .
To investigate further the excitatory action of ACh on the smooth muscle cell membrane, changes in the threshold potential level required for spike generation were observed. Figure 3 shows an example of such experiments. By application of the inward current pulse the membrane resistance was measured and by application of the outward current pulse the change in the threshold potential level (excitability) was measured. When the membrane was depolarized to just below the threshold potential level, a spike was not evoked. In this cell, an application of 10-8 g/ml ACh did not depolarize the membrane, but the outward current pulse generated a spike (a). By increasing the concentration of ACh to 10-7 g/ml, the membrane was depolarized and the numbers of spike per single outward current pulse was increased (b). When the membrane was depolarized at the threshold level, spikes were generated with 50 % success by outward current pulses. Application of 10-8 g/ml ACh produced a spike by every stimulation, without fail, and increased the number of spikes/pulse (e-f). These results indicate that ACh action in the smooth muscle of the sphincter of Oddi is depolarization of the membrane and lowering of the electrical threshold required to trigger the spike. By pretreatment with atropine, the action of ACh on the mechanical response were completely suppressed, dose-dependently, thus indicating that the action of ACh is mediated by activation of the muscarinic receptor. Figure 4 shows the effect of noradrenaline (Norad) on the membrane poten- Fig. 4 . Effects of noradrenaline on the membrane property of smooth muscle cells of the sphincter of Oddi. Inward and outward current pulses were applied to the tissue before, during and after application of noradrenaline. a, noradrenaline (10-6 g/ml); b, noradrenaline (10-6 g/ml) under pretreatment with phentolamine (10-7 g/ml); c, noradrenaline (10-6 g/ml) under pretreatment with phentolamine (10-7 g/ml) and propranolol (10-7 g/ml). Pulse duration was 0.5 sec and threshold intensity of the outward current pulse was applied to the tissue. To observe the effects of ACh and Norad on membrane resistance in detail, the current-voltage relationship was observed at different membrane potential. Figure 5 shows the effects of 10-7 g/ml ACh or 10-6 g/ml Norad on the membrane resistance of smooth muscle cells of the sphincter of Oddi. A microelectrode was inserted into a cell 1 mm from a stimulating electrode in the same cell throughout the experiments (Fig. 5A) . In each cell, ACh depolarized the membrane (3 mV), and the current-voltage relation became less steep compared with that observed in Krebs' solution. When the membrane was repolarized to the level of the control membrane potential by application of the inward current in the presence of ACh, and also the membrane in Krebs' solution was depolarized by application of the outward current to the level of the ACh-induced depolarization, the membrane resistance obtained from the slopes of the current-voltage relationship in the presence of ACh was consistently lower than that observed in Krebs' solution. The anomalous rectifying property of the membrane was also suppressed. The effects of Norad on membrane resistance were observed at various membrane potential levels at 0.5 mm from the stimulating electrode throughout the experiments (Fig. 5B) . The results indicate that the membrane resistance was reduced, at any given membrane potential level, in the presence of Norad. The anomalous rectifying property of the membrane was also suppressed in the presence of Norad. These results show that the membrane resistanec always decreased when treated with ACh or Norad. Furthermore, the depolarizing action of ACh was markedly suppressed and the hyperpolarizing action of Norad was not affected in Na-deficient solution (16.8 mM Na); the former is thought to mainly increase the Na-conductance, and the latter the K-conductance of the membrane.
The effects of gastrointestinal hormones, gastrin, secretin and cholecystokinin (CCK) on the membrane properties were observed by the double sucrosegap method. The minimum concentration of gastrin to produce excitatory action was 10-12 g/ml in canine and human stomach (EL-SHARKAWY et al., 1978; Y. Hara, personal communication) . However, in this tissue, the minimum concentration was 10-7 g/ml which produced suppression of excitation and contraction. As shown in Fig. 6 , the electrical activity of the membrane evoked by an outward current pulse was reduced by application of 10-7 g/ml gastrin, without any change in the membrane resistance, as measured by application of the inward YAMA and SUZUKI, 1975; SUZUKI and KURIYAMA, 1975; MISHIMA and KURIYAMA, 1976) . Figure 7 shows the effects of PGE1 on the membrane property of smooth muscle cells of the sphincter of Oddi. In the quiescent cell, a small fluctuation of the membrane (below 7 mV) was observed. Application of 10-6 g/ml PGE1 suppressed fluctuation of the membrane and slightly hyperpolarized it (a), while in the spontaneously active cell, with application of 10-6 g/ml PGE1 the spike ceased and the membrane was slightly hyperpolarized (b). To observe the changes in membrane resistance in the presence of PGE1, inward and outward current pulses (1 sec in pulse duration) were alternately applied to the tissue. Application of PGE1 hyperpolarized the membrane, reduced the membrane resistance and suppressed spike generation. This means that the membrane property of smooth muscle cells of the sphincter of Oddi is much the same as that observed in circular muscle cells of the alimentary canal. smooth muscle cells in the gall baldder was about one-hundredth that produced in the sphincter of Oddi. The effects of ACh on the membrane resistance, membrane potential and mechanical property were also observed. The responses of the membrane were similar to those observed in smooth muscle cells of the sphincter of Oddi and also smooth muscle cells of various regions of the intestine. Figure 12 shows the effects of PGE1 on the membrane activity of smooth muscle cells of the gall bladder. PGE, (10-8 g/ml) slightly increased membrane activity and depolarized the membrane. Increased concentration of PGE1 (10-6 g/ml) markedly depolarized the membrane and, in some cells, the depolarization block of spike generation was observed. These responses of the membrane differed from those observed in the sphincter of Oddi. a b Fig. 12 . The effects of prostaglandin El on the spontaneously active muscle cell of the gall bladder. a, 10-8 g/ml; b, 10-7g/ml; c, 10-6g/ml prostaglandin E1. Area between dots indicates application of PGE1.
The membrane and mechanical properties of the smooth muscle cell of the common bile duct Figure  13 shows mucous plexus in the lamina propria and myenteric plexus in the subserosal layer (b). In the myenteric plexus, various shapes of neurosomata were obtained, but in the present experiments, it was not our intension to classify the neurosomata. Figure 15 shows the histochemical stainings of upper and lower regions of the common bile duct and the sphincter of Oddi. In the upper region of the common bile duct, densities and distributions of the fluorescent adrenergic fibers and ChE were less as compared with those in the lower common bile duct and the sphincter of Oddi. When the muscle layer thickened, these fibers stained well in the muscle layer and also along the muscle fibers.
In the sphincter of Oddi, the circular muscle layer became very thick and this layer seemed to be connected with the circular muscle layer of the duodenum. The ratio of the thicknesses of the longitudinal and circular muscle layers was about 1:4, and both adrenergic fibers and ChE distribution appeared densely between the muscle layers and also ran along the muscle fibers. Between two muscle layers in the sphincter of Oddi, distribution of the nerve plexuses was also observed. Thus, the presence of both adrenergic and cholinergic fibers in the sphincter of Oddi was confirmed (Mom et al., 1971) .
DISCUSSION
The present results support previous observations made by CREED and KURI-YAMA (1971) on the property of smooth muscle cells of the biliary system, namely the gall bladder, common bile duct and sphincter of Oddi of the guinea pig, i.e., these tissues possess a cable-like property. The low sensitivity of electrical response and absence of spontaneous activity in hepatic and cystic ducts suggest that the bile secreted by the liver is not transported to the gall bladder by peristaltic movement of the hepatic and cystic ducts and is presumably, therefore, moved by hydrodynamic pressure.
The membrane potential and length constant of the tissue measured from muscle cells of the sphincter of Oddi in Krebs' solution showed higher values than those observed in hypertonic solution (CREED and KURIYAMA, 1971) . In fact, in the guinea pig taenia coli, the hypertonic solution slightly hyperpolarized the membrane and spike generation was suppressed, thus preventing the genera- of the slow wave. The inhibition of action potentials was greater in the duodenum and jejunum than in the ileum, and the gradient of diminishing inhibitory action of secretin on action potentials, and therefore on motor activity, extended distally throughout the small intestine. MUKHOPADHYAY et al. (1975) also observed the secretin action on dog intestine and reported that this agent suppressed the total percentage of slow wave with superimposed action potential, as recorded by an extracellular electrode. In the human stomach, gastrin and secretin acted on the plateau formation of the slow wave competitively, i.e., the former prolonged, and the latter reduced the plateau potential (Y. Hara, personal communication). In the sphincter of Oddi, however, both agents suppressed the electrical and mechanical activities. Vizi (1973) reported that CCK releases ACh from the guinea pig ileum. Since this action was suppressed by tetrodotoxin, the CCK action in this tissue was considered to be mediated by activation of cholinergic nerves. These conclusions were supported by STEWART and BURKS (1977) . The present experiments also in part supported the above view that the action of CCK, to some extent, was suppressive in the presence of atropine.
The present experiments indicate that smooth muscle cells of the sphincter of Oddi possess properties similar to those seen in the circular muscle. On the other hand, the smooth muscle cells of the gall bladder show a different property, especially in response to catecholamines and gastrointestinal hormones. Since the gall bladder and the sphincter of Oddi have no myogenic connection, the mechanism involved in extrusion of bile from the biliary system to duodenum may be activated by neural and hormonal regulatory systems, in addition to the changes in hydrodynamics of the ampulla region.
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